Mammalian genomes exhibit widespread mono-allelic expression of autosomal genes. However, the mechanistic insight that allows specific expression of one allele remains enigmatic. Here, we present evidence that the linear and the three dimensional architecture of the genome ascribes the appropriate framework that guides the mono-allelic expression of genes. We show that: 1) monoallelically expressed genes are positioned in clusters that are insulated from bi-allelically expressed genes through CTCF mediated chromatin loops; 2) evolutionary and cell-type specific gain and loss of mono-allelic expression coincide respectively with the gain and loss of chromatin insulator sites; 3) dosage of mono-allelically expressed genes is more sensitive to loss of chromatin insulation associated with CTCF depletion as compared to bi-allelically expressed genes; 4) distinct susceptibility of mono-and bi-allelically expressed genes to CTCF depletion can be attributed to distinct functional roles of CTCF around these genes. Altogether, our observations highlight a general topological framework for the mono-allelic expression of genes, wherein the alleles are insulated from the spatial interference of chromatin and transcriptional states from neighbouring bi-allelic domains via CTCF mediated chromatin loops. The study also suggests that 3D genome organization might have evolved under the constraint to mitigate the fluctuations in the dosage of mono-allelically expressed genes, which otherwise are dosage sensitive.
Introduction
Though both copies of genes on autosomes have potential to be expressed, some genes escape the transcriptional activation of one of the alleles. These genes are known as mono-allelically expressed (MAE) genes. MAE genes can be genomically imprinted, i.e., the expressions of alleles are parentally fixed, or it can be random, i.e., any of the alleles can be expressed. A subset of random MAE genes has been shown to be mitotically stable in a clonal cell population, possibly through heritable epigenetic modifications of alleles [1] . It is intriguing that the random MAE genes have profound functional and evolutionary implications such as contributing to cellular diversity of immunoglobulins [2] , interleukins [3, 4] and T-cell receptors [5] ; ascribing choice of olfactory receptors in neurons [6] and increasing the evolvability of a locus [7] . Despite widespread presence of MAE genes in mammalian genomes, the underlying mechanisms that regulate allele-specific transcription remain poorly understood. Feedback mechanism in which expression of one allele induces the repression of other allele seems an interesting hypothesis. It has been shown that expression of a transgene odorant receptor in neurons leads to lack of endogenous expression of odorant receptor alleles, which is contrasting when compared to bi-allelically expressed genes which exhibit co-expression with the transgenes [8] . However, the mechanistic details of this phenomenon remain enigmatic. Directional switching of an upstream promoter can stochastically regulate the activity of downstream promoter of NK receptor gene in an allele-specific manner [9, 10] . Epigenetic mechanisms like differential chromatin states of alleles [11] , non-coding RNA mediated repression [12, 13] , distinct spatial localizations of alleles [14, 15] etc. have also been proposed and exemplified for certain MAE loci. While all these mechanisms are supported through experimental evidence, none of these could be generalized for most of the mono-allelic transcription of the genome. Moreover, any of the gene regulatory mechanisms implicated in regulating the two alleles distinctly would need a prerequisite of recognizing the MAE genes from the neighbouring BAE genes and one way this can be achieved is by insulating the MAE genes from BAE genes on either or both allelic loci. We, therefore, tested the hypothesis whether or not CTCF mediated insulation of chromatin domains implicate in guiding mono-allelic expression in the genome.
Results
We obtained experimentally identified mitotically stable MAE and BAE genes in human lymphoblastoid cell-line (hLCL), mouse lymphoblastoid cell-line (mLCL) and mouse embryonic stem cells (mESC) ( Table 1) . To further acquire the statistical robustness, we also included inferred MAE and BAE genes in hLCL, mLCL and mESC in the analysis (Table 1) . To ensure that our analysis was not impacted by the already known properties, like clustering of imprinted genes, we removed the known imprinted loci from the present analysis. Known regulatory and functional differences of MAE and BAE genes prompted the hypothesis that the mono-and bi-allelic expression might be a domain property, of i.e., MAE genes might tend to segregate from BAE genes by clustering into chromosomal domains in a manner similar to imprinted genes. To test this, we calculated the density of MAE and BAE genes across chromosomes and identified regions enriched with MAE, BAE or both type of genes (Materials & Methods). We showed the gene clusters with either MAE or BAE genes were the majority as compared to ones with both, highlighting the preferred segregation of MAE and BAE domains (Figure 1a-b) . Through randomizing the MAE and BAE labels of genes, we reported that the observed clustering of MAE and BAE genes was highly non-random (p-value=2.2e-16, Fisher's exact test, Materials & Methods). Further, to test if active and inactive alleles of MAE genes were also clustered separately, we obtained paternally active (PMAE) and maternally active MAE (MMAE) genes in hLCL (Table 1) . Analysis of PMAE and MMAE suggested that active and inactive alleles did not exhibit random mixing and were mostly clustered separately ( Figure S1a ). These observations suggested that the linear gene order might have evolved under the evolutionary constraint to segregate MAE genes from BAE genes.
Given that the MAE genes taken in the analysis were mitotically stable, we further hypothesized that the clusters of MAE and BAE genes might be epigenetically insulated from each other. CTCF protein is presently the most popular candidate that serves as insulator between epigenetically distinct domains. We, therefore, tested the presence of CTCF binding at boundary of MAE and BAE domains. We obtained the CTCF binding sites that were associated with the insulator state in chromHMM annoations of hLCL and mESC genomes (Materials and Methods). We calculated Kronecker delta function (δ(x i , x i+1 ) , where x i is the allelic status of the gene i) for consecutive genes around CTCF insulator sites. The function takes the value 1 if a MAE gene is followed by a MAE gene or a BAE gene followed by a BAE gene, otherwise the value remains zero. It was clear from the figure 1c that the allelic status of the gene changed after encountering a CTCF insulator site. This was also exemplified through numerous examples shown in the other panels of figure 1. Moreover, PMAE and MMAE genes also exhibited similar pattern as shown in figure S1b. We, therefore, conclude that the mono-or bi-allelic expression is the property of chromosomal domains, insulated by CTCF insulator sites, rather than individual genes.
CTCF orchestrates the genome in defined topological domains that are intervened by inter-domain or gap regions. To obtain further insight, we mapped the locations of MAE and BAE genes within gaploop-gap architecture obtained from CTCF ChIA-PET data of hLCL and mESC. We observed that the MAE genes were preferably located inside the chromatin loop between insulator CTCF sites, while BAE genes exhibited lesser such preference (Figure 1d ). This hinted that the insulator CTCF sites proximal to MAE genes might have been implicated and evolutionarily selected to maintain the mono-allelic expression. We, therefore, tested if the dynamics of allelic expression correlated with the gain and loss of insulator function of CTCF binding site in the proximity. Towards this, we compared the MAE and BAE genes in hLCL and K562 cell-lines. We first showed that the constitutive MAE genes (genes that maintained their mono-allelic status consistently in both cell-lines) exhibited consistently greater enrichment inside the chromatin loops mediated by insulator CTCF sites as compared to constitutive BAE genes in both the cell-lines (Figure 2a ). Interestingly the genes that were MAE in hLCL, but had bi-allelic expression in K562 cell-line, had significant enrichment inside the chromatin loop in hLCL, but not in K562 cell-line (Figure 2b ). This pattern reversed for the genes that were monoallelic in K562 but had bi-allelic expression in hLCL (Figure 2b ). The observed gain and loss of enrichment of MAE genes inside the chromatin loops mediated by CTCF insulator can be explained by the difference in CTCF mediated loops and the relative chromatin context of CTCF binding sites in the two cell-lines. This was illustrated through examples: 1) CTCF mediated loop around a locus that was MAE in hLCL, was not observed in K562 where the gene was expressed bi-allelically. By plotting RNAPII ChIA-PET data, we clearly observed lack of insulation and gain of abundant enhancerpromoter and promoter-promoter interactions with the neighbouring regions in K562 cell-line ( Figure  2c , left panel). 2) CTCF mediated loop remained intact in both the cell-lines, but the chromatin context of CTCF binding differed. In the cell-line where the gene was expressed bi-allelically (hLCL in this case), the promoter of the gene gained additional CTCF site, which was engaged with the other CTCF and non-CTCF sites associated with enhancer chromatin states (Figure 2c , right panel). It was interesting to note that the CTCF binding sites that function as insulator between MAE and BAE genes in one cell-line, can function as enhancer-linker in the other cell-line. Indeed, BAE genes were significantly associated with the enhancer-linking CTCF sites, as compared to MAE genes ( Figure S2 ). The observed correlation between mono-allelic status of genes and their localization near CTCF insulator sites strongly supported the role of CTCF insulators in maintaining mono-allelic expression of genes. We also confirmed the above observations by comparing hLCL with the HMEC cell-line ( Figure  S3 ).
Further, to assess whether or not gain of CTCF insulator sites near MAE genes was evolutionarily selected, we compared the MAE and BAE genes of mLCL with that of hLCL. As shown in the figure 2d-e, the genes that maintained their mono-allelic expression in human and mouse LCLs were consistently associated with the CTCF insulator sites in the proximity. However, the evolutionary loss/gain of mono-allelic expression coincided with the loss/gain of insulator sequence in the proximity. These observations highlighted that the genetic and the epigenetic association with the CTCF insulator sites serve as a prerequisite for the mono-allelic expression of the genes. Since the loss of CTCF insulator function coincided with the gain of bi-allelic expression, it could also be inferred that CTCF insulator function was associated with the repressed alleles of MAE genes.
With the recent availability of genome-wide CTCF depletion datasets, it is now possible to explore if expression and insulation of certain predefined subset of genes is affected by the loss of CTCF function. We obtained CTCF depletion datasets for mLCL and mESC (Materials and Methods). We first showed that the CTCF depletion disrupted the insulation of MAE and BAE domains significantly ( Figure 3a ). More importantly, the disruption was more striking for MAE genes. We further showed that the dosage of MAE genes was strikingly more sensitive to CTCF depletion as compared to that of BAE genes (Figure 3b -c). It was also noticeable that the MAE genes that were upregulated after CTCF depletion outnumbered the ones that were downregulated when compared to BAE genes, again suggesting that the repressed allele was likely to be associated with insulator mediated chromatin loops ( Figure S4 ). The up-and down-regulation of MAE genes coincided with the contrasting chromatin and transcriptional states in the neighbouring domains. The chromatin loops enclosing upregulated genes had greater enrichment of repressive marks within and active marks (active promoters and strong enhancers) in the neighbouring chromatin domains, while loops with downregulated genes had active marks within and repressive marks in the adjacent domains. Concomitantly, the presence of these marks correlated with the associated transcription levels of the genes, suggesting that the lack of insulation between neighbouring chromatin domains might have impacted the allelic status of MAE genes (Figure 3d-e ) .
It was not entirely clear why the dosage of MAE genes was more sensitive to CTCF depletion. We suspected that the insulator function of CTCF might be more susceptible to CTCF depletion as compared to enhancer-linking. To test this, we compared the interaction frequencies of CTCF mediated enhancer-promoter loops with that of insulator anchored loops before and after CTCF depletion in mESC. We observed relatively lesser alteration in interaction frequencies of enhancerlinker sites after CTCF depletion as compared to the loops anchored to insulator sites (Figure 3f) , suggesting that the minimal amount of CTCF was sufficient to link enhancer to their cognate promoter. Accordingly, the genes associated with insulator loops were more susceptible to CTCF depletion as compared to the ones associated with enhancer-linking loops (Figure 3g ). Since MAE genes were flanked by insulator sites, while BAE genes were enriched near enhancer-linking CTCF sites, it could be concluded that distinct functional roles of CTCF around MAE and BAE genes might explain distinct susceptibility of MAE and BAE genes to CTCF depletion (Figure 3h and figure S5 ).
Discussion CTCF mediated chromatin folding is known to implicate in maintaining allele-specific transcriptional states of H19-Igf2 imprinted locus. Loss of CTCF binding at H19-ICR leads to loss of maternal repression of Igf2, which otherwise is insulated in a repressive loop mediated by CTCF [16] . Our observations suggested certain level of generality of insulation of inactive allele during mono-allelic expression. Indeed, we tested whether CTCF mediated chromatin loops were associated with the repressed alleles of MAE genes in a manner that was analogous to allele-specific repression of Igf2. Towards this, we obtained the haplotype resolved HiC data from Rao et al [25] . We first showed that the CTCF barrier loops associated with MAE genes exhibited greater variation between homologous chromosomes as compared to the ones associated with BAE genes, suggesting allele-specificity of chromatin conformation associated with MAE genes ( Figure S6a) . We inferred the maternally and paternally expressed alleles by making use of RNAPII ChIA-PET data (Materials and methods). By comparing the CTCF associated allele-specific chromatin interactions around maternally and paternally expressed genes, we showed that the inactive allele had relatively higher interaction frequency of CTCF mediated chromatin loop as compared to active allele, reconciling our proposal that the CTCF associated insulation was mostly associated with the inactive alleles ( Figure S6b ). However, due to subtle statistical difference seen in the analysis, we do not entirely deny the possibility that the upregulation of MAE genes upon CTCF depletion might not necessarily relate to repressive allele and instead the active allele might get further upregulated. Indeed, despite the fact that CTCF binding at H19-ICR is critical to establish and maintain proper H19-Igf2 imprinting, depletion of CTCF protein itself does not associate with the loss of mono-allelic expression of Igf2 and instead causes increased expression of the active allele itself, possibly via altering CTCF binding at other nearby sites [17] . This suggested that the minimal amount of CTCF is sufficient to maintain the imprinting at H19-Igf2 locus and that the dosage of imprinted gene can be susceptible to CTCF depletion in a non-allelic manner. We, therefore, largely restrict our claim to dosage sensitivity of MAE genes to the loss of CTCF mediated insulation around the locus.
Despite being relatively fewer in numbers, explanation to down-regulated genes was needed. It can be interpreted that the down-regulation was that of active allele. There can be following possibilities: 1) Association with the CTCF mediated chromatin loops, though statistically significant, might not always be related to repressed allele and at certain MAE loci, it might associate with active allele instead. Indeed, as shown in the figure 3e, the loops with downregulated MAE genes had significant enrichment of active promoters and strong enhancers within and repressive chromatin states in the neighbouring chromatin loops, which was in sharp contrast to loops with upregulated MAE genes, suggesting that the increased spatial interference with the neighbouring repressive domains might cause down-regulation of active alleles of MAE genes; 2) Gene regulatory network downstream to dysregulated transcription factors can also be a possibility. Regardless of the fact whether the MAE gene was upregulated or down-regulated or whether the change was allelic or non-allelic, significantly greater dosage sensitivity of MAE genes to CTCF depletion as compared to BAE genes is a novel and non-trivial observation, which has implication in understanding the constraints that shape the evolution of genome architecture. It has been hypothesized earlier that the MAE genes are likely to be dosage sensitive [18] . We tested this hypothesis using dosage sensitivity and copy number variation data in human. MAE genes had significantly greater overlap with the dosage sensitive genes obtained from ClinGen database (Materials & Methods, Figure S7a) . Accordingly, BAE genes had greater overlap with the regions exhibiting common copy number variation in human ( Figure S7b ), suggesting their general insensitivity to dosage. Therefore, it can be concluded that evolutionary selection of appropriate dosage of MAE genes might have constrained the CTCF mediated chromatin insulator architecture of the genome.
Nora et al recently reported that the CTCF depletion impacts the transcriptional states but the chromatin states, as measured through H3K27me3, remains largely unaltered [19] . We also confirmed this in the context of the present study ( Figure S8 ). Though the insulation and expression levels were significant altered, H3K27me3 levels largely remained unaltered after CTCF depletion. Accordingly we suggest that the loss of insulation of TAD boundaries might have introduced spatial interference of opposite chromatin and transcriptional states in the neighbourhood in the form of altered enhancerpromoter and promoter-promoter interactions across TAD boundaries, which might have impacted the expression of MAE genes. The BAE genes, on the other hand, were mostly flanked by the CTCF sites involved in enhancer-linking function, which surprisingly was relatively robust against CTCF depletion as compared to insulation. As a result, BAE genes exhibited comparatively lesser transcriptional dysregulation upon CTCF depletion.
Altogether, our analysis highlighted the significant dosage dependency of mitotically stable monoallelically expressed genes, as compared to that of bi-allelically expressed genes, on the insulator function of CTCF protein. The correlation between evolutionary gain and loss of CTCF insulator sites with the gain and loss of mono-allelic expression together with the observation that the MAE genes are more dosage sensitive suggested that maintenance of mono-allelic expression of genes might have served as one of the potent evolutionary constraints that have shaped linearly and spatially compartmentalized genome organization. Availability of data on allelically biased expression of genes in other mammalian species would allow to infer the ancestral status of allelic expression in future, which would endow greater evolutionary insights to the phenomenon.
Materials and Methods

Datasets
Numbers and source of experimentally identified MAE and BAE genes and the ones inferred based on equal enrichment of H3K36me3 and H3K27me3 marks in human LCLs, mouse LCLs and mouse ESCs are given in the table 1. Chromatin insulator and other ChromHMM annotations for hLCLs and mESCs were taken from Ernst et al [20] and Yue et al [21] respectively. Histone modification data was obtained from ENCODE [22] . CTCF ChIA-PET datasets for hLCLs and mESCs were obtained from Tang et al [23] and Handoko et al [24] respectively. Haplotype resolved HiC dataset was obtained from Rao et al [25] . CTCF depletion datasets for mLCLs and mESCs were obtained from GSE98507 (unpublished) and Nora et al [19] . Dosage sensitive genes and CNV data were obtained from ClinGen resource (https://www.ncbi.nlm.nih.gov/projects/dbvar/clingen/) and Database of Genomic Variants (http://dgv.tcag.ca/dgv/app/home) respectively.
Analysis of genomic attributes
These genomic attributes like GC content, repeat elements, non-canonical DNA structures, conserved noncoding elements etc were mapped around +/-50kb of MAE and BAE genes by taking 2kb bin-size. Repeat elements were downloaded from UCSC for hg19 and mm10 genome assemblies hg19/mm10. Non-B-DNA structures and conserved non-coding elements were taken from https://isp.ncifcrf.gov/isp/nonb_dwnld and Marcovitz et al., 2016 respectively. Heatmaps were plotted using the 'heatmap' function with default scaling in R-package.
Linear clustering of genes hg19 and mm10 genomes were binned into 100kb windows. Density of MAE and BAE genes was calculated in those bins. It was then smoothed using 'running.mean' function with binwidth=3 from the "igraph" package and a linear regression line was called using 'lm' function in R. Bins exhibiting gene density above the linear regression line were defined as gene-clusters. Bins having only MAE (or BAE) were called as MAE (or BAE) bins. Bins with both MAE and BAE genes were called as 'mixed' bins. For re-sampling, 9332 and 10012 genes were picked randomly and termed as MAE and BAE genes respectively. The above procedure was followed to classify bins as MAE, BAE and mixed bins. Pvalue was calculated by Fisher's exact test for original and randomized dataset.
Kronecker delta calculation for CTCF insulation
Five genes upstream and five genes downstream were mapped around each barrier CTCF site. Kronecker delta was calculated for the pair of consecutive genes moving from upstream to downstream direction. If two genes were having same allelic status, value "1" was given. If one was MAE and other was BAE, value "0" was given. It was done for all insulator CTCF sites. Then the values were scaled between 0 to 1 and the average value of Kronecker delta was plotted.
CTCF gap-loop-gap analysis CTCF ChIA-PET loops which were having at least three PET pairs and spanned up to 1mb, were taken as per recommendations from Fullwood et al [26] and Li et al [27] . CTCF ChIA-PET loops that overlapped with insulator CTCF sites were taken for the analysis. Relative enrichment of TSS sites of MAE and BAE genes in the loops and the flanking regions, of same length as that of loops, was calculated. Average aggregation values for all loops were normalized with total gene count accordingly. These final values were then scaled using (x-minimum/maximum-minimum) and average values were plotted.
Analysis of conserved and variable allelic status of genes
To compare the allelic status between cell-lines, we obtained the insulator sites for K562 cell-line (breast epithelial) and compared with that of hLCL. MAE and BAE genes that maintained their allelic status in both cell-lines and the ones that switched from mono-to-biallelic expression and vice-versa in two cell-lines were assessed for the presence of insulator binding in the proximity (<20kb). For human-mouse comparison, orthologous gene information was taken from Ensembl. Orthologous insulator CTCF sites of human (hg19) in mouse (mm10) were obtained using UCSC liftover (with minimum ratio of bases that must remap as 0.1). Proximal presence of insulator sequence was assessed for MAE and BAE genes that maintained their allelic status in both human and mouse LCL cell-line and the ones that switched from mono-to-bi-allelic expression and vice-versa in two species (<20kb). . P-values were calculated by Fisher's exact test.
Analysis of allele-specific chromatin loops MAE and BAE genes from human LCL cell-line were assessed for the difference in the chromatin interaction frequency of insulator occupied sites. Due to the lack of public availability of haplotyperesolved CTCF ChIA-PET data, we overlaid CTCF ChIA-PET loops for GM12878 from Tang et al [23] onto haplotype-resolved Hi-C data for GM12878 (resolution: 5kb, normalization: VC) from Rao et al [25] . These CTCF ChIA-PET loops were having at least three PET pairs and were up to 1Mb in length [26, 27] . Chromatin loops with only MAE's and only BAE's gene TSSs were classified as MAE and BAE loops respectively. Squared difference between maternal and paternal loci was calculated and then divided by the maximum of their interaction frequencies for normalization. P-value was calculated by one tailed Mann Whitney U test. Since allele-specific expression data for the same clone of LCL cell-line was not available in Rao et al's article, we used RNAPII ChIA-PET data [23] to infer active and inactive alleles in Rao et al's HiC data [25] . RNA-pol2 ChIA-PET loops for GM12878 were overlaid onto maternal and paternal Hi-C datasets. Maternal-to-paternal ratio of HiC interaction frequencies for RNAPII ChIA-PET loops was calculated for each TSS site. The upper and lower quartiles of the ratio were then taken as maternally and paternally biased genes. For these M-biased and P-biased genes, allele-specific interaction frequencies of CTCF mediated loops were obtained from the HiC data. Maternal-to-paternal ratio of interaction frequencies of CTCF mediated loops was calculated and viewed as boxplots. P-value was calculated using one tailed Mann-Whitney U test.
CTCF depletion analysis
Hi-C data (.cool format, resolution: 20kb, mm9, untreated and 2 days auxin treated) were taken from Nora et al., 2017 [19] . Dip prominence scores was used as provided by the authors. Higher dip prominence signified highly insulating boundaries. Dip prominence was mapped to 20Kb to the TSSs of MAE and BAE genes. Hi-C data (.cool format) was extracted using Cooler (https://github.com/mirnylab/cooler). 'Heatmap' function of R-package was used to plot TAD domains. To analyse the transcriptome, SRA files for LPS induced CTCF depleted B-cells were downloaded from GSE98507 and were converted into fastq format using fastq-dump (SRA Toolkit). Pilot-run fastq files were not used for further analysis. fastq files were mapped onto mouse reference genome (mm10) and calculated differential gene expression between control and CTCF depleted samples using tophat and cufflinks without new gene/transcript discovery [28] . For mESC, RPKM values for control (untreated) and 2 days auxin-treated CTCF depleted cells were downloaded from GSE98671 [19] . Fold change was calculated with respect to control cells. Distributions of fold change (FC) of up-regulated (log2 FC > 0) and down-regulated (log2 FC < 0) MAE and BAE genes were plotted as boxplots. P-values were calculated by Mann-Whitney U test. For the analysis of expression in the neighbouring domains MAE genes with at-least 1.5 fold up and downregulation were used The nearest neighbour was taken on both sides and their RPKM values before CTCF depletion were plotted as boxplots. . P-values were calculated using Mann Whitney U test. (c) Examples illustrating the switch in allelic status of genes between two cell-lines. Shown are the chromHMM tracks around: i) MYB gene, which was bi-allelic in hLCL but had mono-allelic expression in HMEC cell-line; and ii) NRP2 gene that had mono-allelic expression in hLCL but was expressed bi-allelically in HMEC. Solid and dashed green arcs are experimentally identified RNAPII ChIA-PET and CTCF ChIA-PET loops in hLCL respectively. Chromatin loops for HMEC were not available. Figure S4 . Ratio of up-regulated to down-regulated genes after CTCF depletion in mLCL and mESC. Pvalues were calculated by Fisher's exact test. Figure S5 . An example illustrating the alterations in the contact frequencies (TAD disruption) after CTCF depletion in mESC at locus chr11:78680000-79960000 (mm9). 
